Abstract-Preeclampsia is characterized by increased thromboxane and decreased prostacyclin levels, which predate symptoms, and can explain some of the clinical manifestations of preeclampsia, including hypertension and thrombosis.
P reeclampsia occurs in 5% to 7% of pregnancies and is a leading cause of maternal and infant mortality and morbidity. 1 It is diagnosed clinically by the onset of hypertension and proteinuria, usually occurring after 20 weeks' gestation. Preeclampsia is also associated with increased activation of the coagulation system evidenced by an increase in formation of fibrin, activation of the fibrinolytic system, activation of platelets, and a decrease in platelet count. 2 In 1985, increased thromboxane and decreased prostacyclin levels were reported in placentas of women with preeclampsia 3 and later confirmed for maternal blood 4 and maternal urine. 5 The imbalance in thromboxane, a potent vasoconstrictor and activator of platelets, and prostacyclin, a vasodilator and inhibitor of platelet activation, could explain hypertension, reduced uteroplacental blood flow, and hypercoagulopathy observed in women with preeclampsia. 6 Thromboxane and prostacyclin have a common precursor, prostaglandin H 2 , but are synthesized by different enzymes. 7 Thromboxane synthase is the enzyme that catalyzes the isomerization of prostaglandin H 2 into thromboxane. 8 An increase in thromboxane synthase has been demonstrated in trophoblast and decidua cells of placentas of preeclamptic women, 9 but increased expression in maternal tissue has heretofore not been shown. If thromboxane synthase was increased in maternal blood vessels, vasoconstriction and platelet activation could result because of increased thromboxane.
Increased thromboxane production in preeclampsia could be related to altered expression of the thromboxane synthase gene (TBXAS1) resulting from genomic variation or transcriptional activation. The latter could encompass epigenetic regulation, including DNA methylation. DNA methylation is a major epigenetic mechanism controlling gene expression. 10 In general, hypomethylation is associated with increased gene expression, whereas hypermethylation is associated with decreased gene expression. It has been reported that DNA methylation is involved in the regulation of TBXAS1. 11 Thus, reduced methylation of the TBXAS1 gene could result in increased thromboxane synthase and increased thromboxane A 2 production. DNA methylation status in preeclampsia may be related to oxidative stress. Oxidation of DNA causes loss of methylation, [12] [13] [14] and preeclampsia is associated with oxidative stress. 15, 16 Consistent with this notion is a preliminary report that found increased urinary levels of 8-hydroxy-2-deoxyguanosine, an indicator of DNA oxidation, in preeclamptic women. 17 In the present study, we tested the hypothesis that reduced DNA methylation of the TBXAS1 gene leads to increased vascular expression of thromboxane synthase in preeclampsia. To test this, we examined the DNA methylation status of the TBXAS1 gene and correlated it with gene and protein expression of thromboxane synthase in omental arteries obtained from preeclamptic and normal pregnant women. We then experimentally induced hypomethylation in vascular smooth muscle and endothelial cells and in a neutrophil-like cell line and determined gene and protein expression of thromboxane synthase. We examined the expression of thromboxane synthase in omental arteries, because these arteries are a component of the maternal systemic vasculature, and they play a role in blood pressure regulation by contributing to the total peripheral vascular resistance. We examined the effect of hypomethylation in the neutrophil-like cell line because of the extensive vascular infiltration of neutrophils that occurs in preeclampsia, [18] [19] [20] and neutrophils are a source of thromboxane.
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Materials and Methods
Study Subjects
Omental fat biopsies of Ϸ2.0 cmϫ2.0 cmϫ0.5 cm in size were collected from normal pregnant (nϭ16) and preeclamptic (nϭ22) women (28 -38 weeks of gestation) during cesarean section at Medical College of Virginia Hospital at Virginia Commonwealth University Medical Center. All of the subjects gave informed consent, and the procedures followed were in accordance with institutional guidelines. This study was approved by the Office of Research Subjects Protection, Virginia Commonwealth University. Please see the online-only Data Supplement expanded Materials and Methods for clinical characteristics of the patient groups (Table S1) , methylation assay, immunohistochemistry, HL-60 cell culture and treatments, vascular smooth muscle and endothelial cell culture and treatments, quantitative RT-PCR, Western blotting, enzyme immunoassay, and statistical analysis.
Results
The Illumina Infinium HumanMethylation27 BeadChip assay revealed 4184 CpG sites, corresponding with 3736 genes, with significant differential methylation when comparing normal pregnant and preeclamptic omental arteries at a P value of Ͻ0.05. 22 Many of these genes were genes involved in inflammation. Of these genes, thromboxane synthase (TBXAS1) was the most significantly less methylated with an average difference in methylation (⌬␤) of 0.24 at a P value of 0.00037 corresponding with a false discovery rate of 0.042. There was no overlap in the methylation values (␤-values) between the 2 groups demonstrating that all of the preeclamptic samples were less methylated as compared with normal pregnant samples (Figure 1 ).
Representative staining images for thromboxane synthase are shown in Figure 2 . Negative controls showed no staining for thromboxane synthase (Figure 2A ). There was little or no staining in vessels of normal pregnant women ( Figure 2B ). However, preeclamptic vessels showed significant staining for thromboxane synthase ( Figure 2C through 2F). Staining for thromboxane synthase in preeclamptic vessels was present in endothelium, vascular smooth muscle, and in leukocytes, which were in the lumen, adhered to the endothelium and infiltrated into the walls of the vessels ( Figure 2F ).
The staining intensity score for thromboxane synthase was significantly greater for preeclamptic women as compared with normal pregnant women (3.0Ϯ0.1 versus 0.5Ϯ0.1, respectively; PϽ0.001; Figure 3A) Figure 3D ).
To verify the immunohistochemistry results, we examined TBXAS1 gene expression in omental arteries of normal pregnant and preeclamptic women. TBXAS1 gene expression was 2.5-fold higher in omental arteries of preeclamptic women as compared with normal pregnant women (2.6Ϯ0.2 versus 1.0Ϯ0.1, respectively; PϽ0.01; Figure 4A ). Western blotting confirmed that increased gene expression for TBXAS1 was associated with increased thromboxane synthase protein ( Figure 4B and 4C). Thromboxane synthase protein expression was 3-fold greater in preeclamptic arteries as compared with normal pregnant arteries, as determined by Western blot density measurements (PϽ0.01).
To examine the role of DNA methylation in regulating the expression of thromboxane synthase in neutrophils, it was necessary to use a neutrophil-like cell line (HL-60), because neutrophils isolated from patients do not divide and, therefore, the 5-Aza-2-deoxycytidine (5-Aza) could not be incorporated into the genomic DNA to induce hypomethylation. Treatment of HL-60 cells with 5-Aza resulted in a significant Representative sections for blood vessels in omental fat from normal pregnant and preeclamptic women immunostained for thromboxane synthase. A, There was no brown staining for thromboxane synthase in negative control sections. B, Blood vessels of normal pregnant women showed little or no staining for thromboxane synthase. C through F, Vessels of preeclamptic women showed significant brown staining for thromboxane synthase. Staining for thromboxane synthase in preeclamptic blood vessels was observed in endothelium (black arrows), vascular smooth muscle cells (red arrows), and leukocytes (blue arrows), which were either adhered to the endothelium or infiltrated into the wall of the vessel (F). A indicates adipocyte; VL, vessel lumen. Magnification and scale bar are shown on each image. Results for immunohistochemical staining for thromboxane synthase in omental blood vessels from normal pregnant (NP) and preeclamptic (PE) women. A, Visual staining score for thromboxane synthase was significantly higher in blood vessels of PE women vs NP women. B, Optical density of staining for thromboxane synthase was also significantly higher in PE blood vessels and significantly correlated with the visual score (rϭ0.93). C, PE women had a significantly higher percentage of blood vessels stained for thromboxane synthase vs NP women. D, PE women had a significantly higher percentage of blood vessels with leukocyte stained for thromboxane synthase vs NP women. Data are presented as meanϮSEM. ***PϽ0.001.
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5-Aza alone (PϽ0.001; Figure 5A ). Western blotting confirmed that protein expression was altered in concert with gene expression ( Figure 5B and 5C). Treatment with 5-Aza significantly increased thromboxane synthase protein expression (347Ϯ11% average density measurement of Western blot as compared with control; PϽ0.001). Combining 5-Aza treatment with PMA resulted in significantly increased thromboxane synthase protein expression (515Ϯ15% of control; PϽ0.001), PMA alone (PϽ0.001), or 5-Aza alone (PϽ0.001).
To evaluate the effect of the same treatments on the production of thromboxane by the neutrophil-like HL-60 cells, cells were cultured with 70 mol/L of linoleic acid, the precursor of arachidonic acid. Treatment with 5-Aza significantly increased the production of thromboxane B 2 , the stable metabolite of thromboxane A 2 , as compared with controls (619Ϯ32 versus 115Ϯ20 ng/g DNA, respectively; PϽ0.001; Figure 6 ). PMA treatment caused a significant increase in the production of thromboxane B 2 as compared with control (745Ϯ36 versus 115Ϯ20 ng/g DNA, respectively; PϽ0.001).
Combining 5-Aza and PMA treatments caused an even greater increase in the production of thromboxane B 2 (1228Ϯ140 ng/g of DNA; PϽ0.001).
In contrast to HL-60 cells, 5-Aza treatment increased TBXAS1 gene expression by only 40% in cultured vascular smooth muscle cells (VSMCs) and only 13% in cultured human umbilical vein endothelial cells, which were not statistically significant (data not shown). However, treatment of VSMCs with tumor necrosis factor (TNF) ␣, a neutrophil product, significantly increased TBXAS1 gene expression as compared with controls (3.0Ϯ0.2-fold; PϽ0.001; Figure 7A ). Western blotting confirmed increased protein expression induced by TNF␣ ( Figure 7B and 7C) . TNF␣ resulted in a 2.6-fold increase in thromboxane synthase protein in VSMCs (263Ϯ37% average density of control; PϽ0.01). 
Discussion
In this study we report a significant reduction in DNA methylation in the promoter region of the TBXAS1 gene associated with a significant increase in thromboxane synthase expression in omental fat arteries of preeclamptic women as compared with normal pregnant women. Increased expression of thromboxane synthase was observed in the endothelium, in the VSMCs, and in leukocytes, which were flattened and adhered to the endothelium and infiltrated into the wall of the vessel. Increased expression of thromboxane synthase would lead to increased production of thromboxane A 2 locally in the vessel, which could explain hypertension and coagulation abnormalities in preeclamptic patients, because thromboxane is a potent vasoconstrictor and platelet activator. 23 Leukocyte infiltration requires leukocyte activation, which most likely occurs as they circulate through the intervillous space and are exposed to increased lipid peroxides secreted by the placenta. 15 The infiltrating leukocytes are most likely neutrophils, because neutrophils normally compose Ϸ60% to 70% of all leukocytes, 24 their numbers increase 2.5-fold by 30 weeks of gestation, 25 and their numbers are further increased in preeclampsia. 26 In addition, we reported previously that neutrophils but not lymphocytes or monocytes primarily infiltrate systemic blood vessels of preeclamptic women. [18] [19] [20] 27 To study the role of DNA methylation in the regulation of thromboxane synthase, we experimentally induced DNA hypomethylation in a neutrophil-like cell line and in cultured human VSMCs and endothelial cells. Hypomethylation resulted in significantly increased expression of thromboxane synthase only in the neutrophil-like cell line. Increased expression of thromboxane synthase in the neutrophil-like cell line was associated with a parallel increase in the production of the stable metabolite of thromboxane A 2 , thromboxane B 2 . These data suggest that DNA methylation is important in regulating thromboxane synthase expression in neutrophils but not in vascular smooth muscle or endothelial cells. However, treatment of VSMCs with TNF␣, a neutrophil product, did significantly increase thromboxane synthase, so increased expression of thromboxane synthase in vascular tissue of preeclamptic women may be because of inflammation caused by neutrophil infiltration. Reduced DNA methylation in leukocytes has been reported in other diseases involving the cardiovascular system, such as atherosclerosis, 28 ischemic heart disease, and stroke. 29 Pertinent to our findings of increased expression of thromboxane synthase are previous findings of increased levels of serum arachidonic acid in preeclamptic women 30 and significant activation of nuclear factor B and increased expression of cyclooxygenase 2 in preeclamptic blood vessels. 19 Similar to thromboxane synthase expression, activation of nuclear factor B and increased expression of cyclooxygenase 2 were observed in the endothelium, vascular smooth muscle, and infiltrating neutrophils. 19 A possible scenario in preeclamptic blood vessels is that increased cyclooxygenase 2 converts increased arachidonic acid into prostaglandin H 2 and increased thromboxane synthase then converts prostaglandin H 2 into thromboxane.
Preeclampsia is associated with oxidative stress 15, 16 and increased plasma levels of linoleic acid, the fatty acid 
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precursor of arachidonic acid. 31 Neutrophils from normal pregnant women exposed to an oxidizing solution enriched with linoleic acid showed increased production of TNF␣ and thromboxane. 21 Also, exposure of cultured VSMCs to an oxidizing solution enriched with linoleic acid increased production of thromboxane. 32 Our study has several limitations. First, our findings are correlative in that they show that reduced methylation is associated with increased expression of thromboxane synthase in omental arteries of preeclamptic women, but they do not prove cause and effect. In addition, we were not able to determine the cell types where methylation changes were occurring in the omental arteries because of cellular heterogeneity, which included endothelial cells, VSMCs, and infiltrated neutrophils. Another limitation is that we cannot prove that reduced methylation in the TBXAS1 gene promoter, per se, is responsible for increased expression, as opposed to changes in the expression of other factors that regulate TBXAS1 (eg, transcription factors or other regulatory factors) for which levels might be altered by changes in DNA methylation. However, by experimentally inducing hypomethylation in a neutrophil-like cell line we were able to demonstrate a strong association between DNA methylation status and thromboxane synthase expression, which is significant, because neutrophils have the highest thromboxane synthase content per cell in the vessels.
In summary, we found that reduced methylation in the promoter region of TBXAS1 is correlated with increased gene and protein expression of thromboxane synthase in systemic blood vessels of preeclamptic women. Increased expression was present in endothelium, VSMCs, and infiltrating neutrophils. We also showed that experimentally induced DNA hypomethylation increases the expression of thromboxane synthase in a neutrophil-like cell line and that TNF␣, a neutrophil product, increases thromboxane synthase expression in cultured VSMCs. These data suggest that reduced DNA methylation is responsible for increased expression of thromboxane synthase in neutrophils that infiltrate maternal systemic blood vessels in preeclampsia and that vascular inflammation caused by infiltrating neutrophils is responsible for increased expression of thromboxane synthase in the endothelium and vascular smooth muscle. Increased expression of thromboxane synthase in systemic vasculature of preeclamptic women may help explain hypertension and coagulation abnormalities.
Perspectives
These findings suggest possible treatments for preeclampsia involving inhibition of thromboxane synthase, blockade of thromboxane receptors, or dietary supplementation with folate to increase methylation donors to protect against adverse changes in DNA methylation that affect thromboxane synthase expression. In this regard, a large study of Ϸ3000 pregnant women found supplementation with multivitamins containing folic acid was associated with reduced risk of preeclampsia.
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EXPANDED MATERIALS and METHODS
Study Subjects
Omental fat biopsies of approximately 2 cm x 2 cm x 0.5 cm in size were collected from normal pregnant (n=16) and preeclamptic (n=22) women (28-38 weeks of gestation) during cesarean section at MCV Hospital, Virginia Commonwealth University Medical Center, Richmond, VA. Due to the small size, samples were processed for DNA, RNA, protein or immunohistochemistry. Preeclampsia was diagnosed by new onset of hypertension (systolic blood pressure of ≥ 140 mm Hg and/or diastolic blood pressure ≥ 90 mm Hg) and proteinuria (300 mg or more of protein in the urine per 24 h collection) that occur in women who are otherwise normal 1 . Women with chorioamnionitis, infections, active sexually transmitted diseases, lupus or diabetes, and women who were smokers or in labor were excluded because these conditions are associated with inflammatory changes. Patient's clinical data are shown in Table S1 . All subjects gave informed consent and the procedures followed were in accordance with institutional guidelines. This study was approved by the Office of Research Subjects Protection, Virginia Commonwealth University, Richmond, VA.
Methylation Assay
Omental arteries from 5 normal pregnant and 7 preeclamptic women were processed for DNA extraction. DNA was extracted from the arteries (~10 mg by weight) using QuickGene DNA tissue kit and QuickGene-Mini80 system (AutoGen, Holliston, MA). DNA was treated with RNase A (Qiagen, Valencia, CA). DNA (1µg) was bisulfite treated and used in Illumina Infinium HumanMethylation27 BeadChip assay (Illumina, San Diego, CA) for DNA methylation analysis. The BeadChip was run by the Nucleic Acids Research Facilities at Virginia Commonwealth University using the protocol provided by Illumina.
Immunohistochemistry
Omental fat samples from 4 normal pregnant and 5 preeclamptic women were cut into small pieces approximately 0.5 cm x 0.5 cm x 0.5 cm in size, fixed immediately in 10% neutral buffered formalin and embedded in paraffin. Tissues were cut into 8 µm sections. Tissue slides were stained for rabbit antihuman polyclonal antibody specific for thromboxane synthase (1:50 titer, Proteintech, Chicago, IL). Rabbit primary antibody isotype control (Invitrogen, Camarillo, CA) was used as a negative control. A kit was used for immunohistochemical staining (SuperPicTure Polymer Detection Kit Broad Spectrum (DAB), Invitrogen, Camarillo, CA). To quench endogenous tissue peroxidase activity, slides were incubated in 3% hydrogen peroxide in methanol for 30 minutes. For antigen retrieval, slides were heat treated in 10 mM citrate buffer for 5 minutes with a pressure cooker. Tissue slides were counterstained with 1:5 dilution of hematoxylin QS (Vector Laboratories, Burlingame, CA).
For data analysis, vessels between 10 µm and 200 µm were examined. An average of 35 vessels was analyzed per slide. Vessel staining for thromboxane synthase was evaluated using a visual intensity score of 0, 1, 2, 3 or 4 where 0 was assigned for no staining and 4 for dark and extensive staining. Visual scoring was verified by a second investigator and by measuring the optical density of staining (OD) using image analysis software (cellSens Imaging Software, Olympus America, Center Valley, PA) as previously described 2, 3 . Optical density of staining for thromboxane synthase in vessels was normalized to the optical density of the background. Slides were also analyzed for percentage of vessels stained and percentage of vessels with leukocyte staining for thromboxane synthase.
HL-60 Cell Culture and Treatments
HL-60 cells (ATCC, Manassas, VA), a neutrophil-like cell line, were used to evaluate the effect of DNA hypomethylation on the expression of thromboxane synthase. Cells were cultured in Iscove's Modified Dulbecco's Medium (IMDM, ATCC, Manassas, VA) supplemented with 10% fetal bovine serum (Gibco, Invitrogen, Carlsbad, CA) and 1% antibiotics and antimycotics (100 U/ml penicillin, 100 μg/ml streptomycin, 25 μg/ml amphotericin B, Gibco, Invitrogen, Carlsbad, CA) as recommended by ATCC. Approximately 500,000 cells per ml were seeded in 5 ml of media in a T-25 flask for treatments. Cell treatments were: 1) 10 µM 5-Aza-2-deoxycytidine (5-Aza, SigmaAldrich, Saint-Louis, MO), an agent that inhibits DNA methylation when incorporated into DNA during cell division 4 , for 48 h followed by 10 -8 M of phorbol 12-myristate 13-acetate (PMA, an activator of protein kinase C, Sigma-Aldrich, Saint-Louis, MO) for 24 h; 2) 10 µM 5-Aza for 48 h followed by no treatment for 24 h; 3) no treatment for 48 h followed by 10 -8 M PMA for 24 h; or 4) 72 h without treatment to serve as control. To study the effect of these treatments on the production of thromboxane B 2 , cells were also treated with 70 µM linoleic acid (Cayman Chemical, Ann Arbor, MI). Cells were collected for DNA, RNA or protein extraction and media was saved for enzyme immunoassay.
Vascular Smooth Muscle and Endothelial Cell Culture and Treatments
Human vascular smooth muscle cells (VSMC) were cultured from chorionic plate arteries of placentas collected at cesarean section from healthy pregnant women at term deliveries as previously described 5 . Human umbilical vein endothelial cells were purchased from Lifeline Cell Technology (Grand Island, NY) and cultured in T-25 flasks according to their protocol with their medium. VSMCs were cultured in T-25 flasks using Medium-199 (M-199, Gibco, Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS, Gibco, Invitrogen, Carlsbad, CA) and 1% antibiotics and antimycotics (100 U/ml penicillin, 100 μg/ml streptomycin, 25 μg/ml amphotericin B, Gibco, Invitrogen, Carlsbad, CA). Cells were treated with 1 ng/ml of human recombinant TNFα (R&D Systems, Minneapolis, MN) or with 5-Aza for 48 hours. Control flasks contained M-199 media with 10% FBS and 1% antibiotics and antimycotics. Treatments were refreshed every day. Cells were 50% confluent at the time of treatment and 100% confluent at the time of harvesting. Cells were washed with PBS and harvested for RNA and protein extraction. 
